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DESCRIPTION 

High-Hardness Conductive Diamond Polycrystalline Body and 

Method of Producing the Same 

Technical Field 

The present invention relates to a diamond and a method of producing the same. 
In particular, the present invention relates to a diamond polycrystalline body having high 
hardness, high strength, good heat resistance, and good oxidation resistance which is 
used in a cutting tool, a tool such as a dresser or a die, a drill bit, or the like, and to a 
method of producing the same. 
Background Art 

Patent Document 1 : Japanese Patent Laying-Open No. 04-074766 
Patent Document 2: Japanese Patent Laying-Open No. 04-1 14966 
Non-Patent Document 1: F. P. Bundy, J. Chem. Phvs. . 38 (1963) pp. 631-643 
Non-Patent Document 2: M. Wakatsuki et al., Japan. J. Appl. Phys. . 1 1 (1972) 
pp. 578-590 

Non-Patent Document 3: S. Naka et al., Nature . 259 (1976) p. 38 
In a diamond polycrystalline body conventionally used in a cutting tool, a tool 
such as a dresser or a die, a drill bit, or the like, an iron group metal such as Co, Ni or 
Fe or ceramic such as SiC is used as a sintering aid or a binder. Use of a carbonate as a 
sintering aid is also known ([Patent Document 1], [Patent Document 2]). The diamond 
polycrystalline body as such is obtained by sintering diamond powder together with the 
sintering aid or binder in a high pressure and temperature condition (generally a pressure 
of 5-8 GPa and a temperature of 1,300-2,200 °C), in which condition diamond is 
thermodynamically stable. A naturally occurring diamond polycrystalline body 
(carbonado or ballas) is also known and is partially used as a drill bit, but is not generally 
used in industry because of large variations in a material and a small amount of output 



thereof. 

Disclosure of the Invention 

Problems to be Solved by the Invention 

A diamond polycrystalline body using an iron based metal catalyst such as Co as 
a sintering aid includes the sintering aid in a polycrystal, and the sintering aid acts as a 
catalyst promoting graphitization of diamond, which results in a lower heat resistance. 
That is, graphitization of diamond occurs at about 700 °C even in an inert gas 
atmosphere. In addition, the polycrystalline body tends to have fine cracks formed 
therein because of a difference in thermal expansion between the sintering aid and 
diamond. Furthermore, since a metal such as Co exists among diamond particles as a 
continuous layer, a mechanical characteristic of the polycrystalline body such as 
hardness or strength is deteriorated. Removal of the metal from a grain boundary for 
increasing heat resistance is also known and, though the heat resistance is increased to 
about 1,200 °C with this removal, strength of the polycrystalline body is further 
substantially decreased because the polycrystalline body becomes porous. A diamond 
sintered body using SiC as a binder has good heat resistance, but strength thereof is low 
because there is no binding between diamond particles. In addition, though a diamond 
sintered body using a carbonate as a sintering aid has good heat resistance as compared 
to a sintered body with a Co binder, a mechanical characteristic thereof is not sufficient 
because a carbonate material exists in a grain boundary. 

On the other hand, as a method of producing a diamond, non-diamond carbon 
such as graphite, glassy carbon or amorphous carbon can be directly converted into 
diamond in an ultra-high pressure and temperature condition without a catalyst or a 
solvent. A polycrystalline body of single-phase diamond can be obtained by performing 
sintering concurrently with direct conversion from a non-diamond phase to a diamond 
phase. Each of [Non-Patent Document 1], [Non-Patent Document 2] and [Non-Patent 
Document 3], for example, discloses that a diamond polycrystalline body can be 
obtained by direct conversion in an ultra-high pressure and temperature condition of 14- 



18 GPa and at least 3000 K using graphite as a starting material. 

In any such method, however, the ultra-high pressure and temperature condition 
over 14 GPa and 3000 K is required, which makes a production cost extremely high. 
In addition, since diameters of diamond particles are not uniform, the mechanical 
5 characteristic such as hardness or strength is insufficient. Besides, since the diamond 
polycrystalline body obtained with this method is an insulator (having a resistivity of at 
least 10 C2), machining thereof with electrical discharge machining is not possible, 
which increases a machining cost. In addition, since diamond is oxidized in air at about 
700 °C or a higher temperature, when the diamond polycrystalline body is used as a tool 
10 used particularly in a severe condition in which a cutting edge becomes a high 

temperature, the tool may become unusable because of wear or deterioration due to 
oxidation. 

The present invention was made to solve problems of conventional techniques as 
described above. An object of the present invention is to provide a high-hardness 
15 conductive diamond polycrystalline body having sufficient strength, hardness, heat 
resistance and oxidation resistance and capable of low-cost electrical discharge 
machining, which can be applied to a cutting tool, a tool such as a dresser or a die, or a 
drill bit. 

Means for Solving the Problems 

20 To solve the above-described problems, in a method of directly converting non- 

diamond carbon into diamond in an ultra-high pressure and temperature condition, 
inventors of the present invention used as non-diamond carbon a boron-containing 
carbon material prepared by mechanically milling and evenly mixing graphite including 
boron in an inert gas to obtain an ultrafine or amorphous material of at most a few tens 

25 of nm. As a result, a conductive and dense diamond polycrystalline body including 
strongly binding particles having diameters of at most a few tens of nm could be 
obtained in a sintering condition of lower pressure and temperature as compared to 
those of a conventional sintering condition. In addition, when amorphous carbon, 
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graphite-type carbon or diamond powder including boron as a solid solution was used as 
a starting material, a non-diamond phase such as B 4 C was not precipitated, and a 
conductive and dense diamond polycrystalline body including strongly binding diamond 
particles could be obtained in a sintering condition of lower pressure and temperature as 
compared to those of the conventional sintering condition, because of a catalytic 
reaction by boron as the solid solution. 

The inventors have also found that the diamond polycrystalline body has 
substantially higher hardness and strength as well as better heat resistance and oxidation 
resistance as compared to a conventional polycrystalline body, and is capable of 
electrical discharge machining. 

That is, a high-hardness conductive diamond polycrystalline body according to 
the present invention is a polycrystalline body formed substantially with diamond, which 
is formed using an amorphous or fine graphite-type carbon material as a starting material 
which is subjected to direct conversion sintering to obtain diamond in an ultra-high 
pressure and temperature condition without addition of a sintering aid or a catalyst 
thereto, and is characterized in that diamond has a maximum particle diameter of at most 
100 nm and an average particle diameter of at most 50 nm, and a diamond particle 
includes at least 10 ppm and at most 1,000 ppm of boron. With controlling a particle 
diameter of the diamond particle to be within a range as described above, hardness and 
strength thereof can be prevented from decreasing. In addition, when a concentration 
of boron in the diamond particle is less than 1 0 ppm, sufficient conductivity cannot be 
obtained and electrical discharge machining becomes difficult. When the concentration 
becomes higher than 1,000 ppm, on the other hand, a non-diamond phase such as B 4 C is 
precipitated in a diamond sintered body and a mechanical characteristic of the sintered 
body is deteriorated. With a construction as described above, a diamond sintered body 
having high hardness, strength and heat resistance and capable of electrical discharge 
machining can be provided. 

Another high-hardness conductive diamond polycrystalline body according to the 



present invention is a polycrystalline body formed substantially with diamond, which is 
formed using amorphous carbon, graphite-type carbon or diamond powder including 
boron as a solid solution as a starting material which is subjected to direct conversion 
sintering to obtain diamond or to direct sintering in an ultra-high pressure and 
5 temperature condition without addition of a sintering aid or a catalyst thereto, and is 
characterized in that diamond has a maximum particle diameter of at most 10,000 nm 
and an average particle diameter of at most 5,000 nm, and a diamond particle includes at 
least 1,000 ppm and at most 100,000 ppm of boron. With controlling a particle 
diameter of the diamond particle to be within a range as described above, hardness and 
10 strength thereof can be prevented from decreasing. In addition, when a concentration 
of boron in the diamond particle is less than 1,000 ppm, a pressure and temperature 
condition required for the conversion sintering becomes as high as at least 7.5 GPa and 
2,000 °C, and increasing of oxidation resistance cannot be expected. When the 
concentration becomes higher than 100,000 ppm, on the other hand, a non-diamond 
15 phase such as B 4 C is precipitated in a diamond sintered body and a mechanical 

characteristic of the sintered body is deteriorated. With a construction as described 
above, a diamond sintered body having high hardness, strength, heat resistance and 
oxidation resistance and capable of electrical discharge machining can be provided. 

In the high-hardness conductive diamond polycrystalline body according to the 
20 present invention, a specific resistance is preferably set to at most 10 Qcm. This is 
because electrical discharge machining can be efficiently performed with the specific 
resistance of at most 1 0 Qcm. 

In the high-hardness conductive diamond polycrystalline body according to the 
present invention, diamond forming the sintered body preferably has a maximum particle 
25 diameter of at most 50 nm and an average particle diameter of at most 30 nm. This is 
because strength of the sintered body can be increased by setting the particle diameter of 
diamond to at most these values. 

In addition, the high-hardness conductive diamond polycrystalline body 
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according to the present invention preferably has a hardness of at least 80 GPa, and 
more preferably has the hardness of at least 110 GPa. 

In a method of producing a high-hardness conductive diamond polycrystalline 
body according to the present invention, graphite including boron is mechanically milled 
with a tool including a planetary ball mill in an inert gas to form a graphite-type carbon 
material including amorphous or fine boron, and the graphite-type carbon material is 
directly converted into diamond and concurrently sintered at a temperature of at least 
1,500 °C and in a pressure condition wherein diamond is thermodynamically stable 
without adding a sintering aid or a catalyst thereto. With this method, a diamond 
sintered body having high hardness, strength, heat resistance and oxidation resistance 
and capable of electrical discharge machining can be produced. 

In the method of producing a high-hardness conductive diamond polycrystalline 
body according to the present invention, a maximum particle diameter of the graphite- 
type carbon material including amorphous or fine boron can be set preferably to at most 
100 nm, and more preferably to at most 50 nm. 

In the method of producing a high-hardness conductive diamond polycrystalline 
body according to the present invention, a crystallite size obtained from a half- width of a 
(002) diffraction line of an X-ray diffraction pattern of the graphite-type carbon material 
including amorphous or fine boron can be set preferably to at most 50 nm, and more 
preferably to at most 10 nm. A graphite-type carbon material including amorphous or 
fine boron, in which the diffraction line is unrecognizable, can also be used. 

The high-hardness conductive diamond polycrystalline body according to the 
present invention is formed with a polycrystalline body formed substantially with 
diamond and, in terms of hardness and strength of the polycrystalline body, diamond 
preferably has a maximum particle diameter of at most 10,000 nm and an average 
particle diameter of at most 5,000 nm, and a diamond particle preferably includes at 
least 1,000 ppm and at most 100,000 ppm of boron. 

In addition, a specific resistance of diamond is preferably at most 1 Qcm because 



electrical discharge machining can be performed more readily. 

In the diamond polycrystalline body, it is more preferable that diamond have a 
maximum particle diameter of at most 1,000 nm and an average particle diameter of at 
most 500 nm. 

5 In addition, the high-hardness conductive diamond polycrystalline body 

preferably has a hardness of at least 80 GPa, and more preferably at least 1 10 GPa in 
terms of hardness, strength and the like. 

In a method of producing a high-hardness conductive diamond sintered body 
according to the present invention, a carbon material including at least 10 pprn and at 
10 most 200,000 ppm of boron is directly converted into diamond and concurrently 

sintered in a pressure condition wherein diamond is thermodynamically stable without 
adding a sintering aid or a catalyst thereto. With this method, a dense diamond 
polycrystalline body having high hardness and high strength can be obtained. 

In the method of producing as described above, amorphous carbon is preferably 
15 used as the carbon material including boron as one embodiment. 

In the method of producing as described above, graphite-type carbon is 
preferably used as the carbon material including boron as another embodiment. 

In the method of producing as described above, a material formed with graphite- 
type carbon and boron carbide is preferably used as the carbon material including boron 
20 as a further embodiment. 

In the method of producing as described above, it is also preferable that 
diamond-like carbon be used as the carbon material including boron and be sintered 
without adding a sintering aid or a catalyst thereto. 
Effects of the Invention 
25 With a construction as described above, a diamond polycrystalline body having a 

good mechanical characteristic, high heat resistance and oxidation resistance, and 
conductivity at a level enabling electrical discharge machining can be produced. 
Best Modes for Carrying Out the Invention 




Graphite powder including boron added, for example, is used as a starting 
material which is milled and mixed with a mill such as a planetary ball mill for a few 
hours in an inert gas atmosphere such as an argon gas or a nitrogen gas to obtain 
pulverized particles having a maximum particle diameter of at most 100 nm, preferably 
at most 50 nm. An average particle diameter of fine boron-containing graphite milled 
as such, which is calculated from a half-width of a (002) diffraction line of an X-ray 
diffraction pattern, is at most 50 nm, preferably at most 10 nm. A fine or amorphous 
state in which the (002) diffraction line in the X-ray diffraction pattern is unrecognizable 
is more preferred. Presence of a coarse graphite particle having a diameter larger than 
100 nm, for example, is not preferable because diamond obtained after direct conversion 
also becomes coarse and a metallographic structure becomes uneven (stress 
concentration sites are increased and mechanical strength is decreased). 

Amorphous or fine boron-containing graphite obtained with a milling step as 
described above is used to fill a metal capsule formed with Mo, Ta or the like in a highly 
pure inert gas atmosphere. This filling step should be performed in the highly pure 
inert gas because milled ultrafine boron-containing graphite is highly active and readily 
adsorbs gas or water when exposed to air, which inhibits conversion to diamond and 
sintering. Then, an ultra-high pressure and temperature generation device is used to 
keep the amorphous or fine boron-containing graphite at a temperature of at least 1,500 
°C under a pressure allowing diamond to be thermodynamically stable for a prescribed 
time. With this, the amorphous or fine boron-containing graphite is directly converted 
into diamond and concurrently sintered. Added boron is included in a lattice site of a 
diamond crystal particle to form a P-type semiconductor to exhibit conductivity. As a 
result, a conductive diamond poly crystalline body is obtained which has an extremely 
dense and homogeneous metallographic structure formed with strongly binding fine 
diamond particles having an even diameter. 

When a content of boron in the diamond polycrystalline body is at least 10 ppm, 
an electrical resistance becomes at most about 10 Clem and conductivity thereof enables 



electrical discharge machining. In addition, the polycrystalline body has a very fine and 
homogeneous metallographic structure formed with particles having a maximum particle 
diameter of at most 100 nm or an average particle diameter of at most 50 nm, more 
preferably a maximum particle diameter of at most 50 nm and an average particle 
5 diameter of at most 30 nm. As a result, the polycrystalline body has a hardness of at 
least 80 GPa or sometimes at least 1 10 GPa, which is higher than that of a diamond 
single crystal. In addition, graphitization or generation of minute cracks does not 
occur even in a vacuum at 1,400 °C since a metal catalyst or a sintering aid is not 
included. In addition, since boron is included as an impurity, a protective film made of 

10 boron oxide is formed on a surface by heating in air and oxidation resistance is increased. 
Furthermore, since the polycrystalline body has conductivity, polishing or cutting with 
electrical discharge machining is enabled and a cost for product fabrication can be 
substantially decreased as compared to machining using a grind stone. Therefore, the 
diamond polycrystalline body of the present invention is characteristically very useful as 

15 a cutting tool, a tool such as a dresser or a die, or a drill bit and, besides, capable of 
production or processing at a low cost. 

Powder or a formed body of amorphous carbon or graphite, or powder or a 
formed body of diamond which includes at least 1,000 ppm of boron in a solid solution 
is used as a starting material. The powder or formed body of amorphous carbon or 

20 graphite including at least 1,000 ppm of boron in a solid solution can be prepared by, for 
example, processing of a mixture of coke and boron carbide under a normal pressure in 
a non-oxidative atmosphere at a temperature of at least one thousand and a few 
hundreds of °C. The powder or formed body of diamond including at least 1,000 ppm 
of boron in a solid solution can be obtained from a gas including methane and boron by 

25 a chemical vapor deposition (CVD) method. 

Such powder or formed body of amorphous carbon, graphite or diamond 
including at least 1,000 ppm of boron is used to fill a metal capsule formed with Mo, Ta 
or the like. Then, the ultra-high pressure and temperature generation device is used to 
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keep the starting material at a temperature of at least 1,500 °C under a pressure allowing 
diamond to be thermodynamically stable for a prescribed time. With this, amorphous 
carbon or graphite is directly converted into diamond and concurrently sintered. 
Diamond powder is directly sintered by a solid phase reaction. In this step, boron 
included in the starting material as a solid solution enters a lattice site of diamond to 
form a P-type semiconductor to exhibit conductivity. As a result, a conductive 
diamond polycrystalline body is obtained which has an extremely dense and 
homogeneous metallographic structure formed with strongly binding diamond particles 
having an even diameter. When a content of boron in the diamond polycrystalline body 
is at least 1,000 ppm, an electrical resistance becomes at most about 1 Qcm and 
conductivity thereof enables electrical discharge machining. 

Particles forming the polycrystalline body have a maximum particle diameter of 
at most 10,000 nm or an average particle diameter of at most 5,000 nm, more preferably 
a maximum particle diameter of at most 1,000 nm and an average particle diameter of at 
most 500 nm to form a fine and homogeneous metallographic structure. In addition, 
the particles bind to each other very strongly by a catalytic reaction by boron. As a 
result, the polycrystalline body has a hardness of at least 80 GPa or sometimes at least 
110 GPa, which is higher than that of a diamond single crystal. In addition, 
graphitization or generation of minute cracks does not occur even in a vacuum at 1,400 
°C since a metal catalyst or a sintering aid is not included. In addition, since boron is 
included as an impurity, a protective film made of boron oxide is formed on a surface by 
heating in air and oxidation resistance is substantially increased. Furthermore, since the 
polycrystalline body has conductivity, polishing or cutting with electrical discharge 
machining is enabled and a cost for product fabrication can be substantially decreased as 
compared to machining using a grind stone. Therefore, the diamond polycrystalline 
body of the present invention is characteristically very useful as a cutting tool, a tool 
such as a dresser or a die, or a drill bit and, besides, capable of production or processing 
at a low cost. 
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Examples 

To graphite having particle diameters of 10-60 jam and a purity of at least 99.95 
%, amorphous boron powder was added such that an amount of boron to carbon 
becomes 0. 1-0.001 at%. A resulting material was put into a pot made of silicon nitride 
5 together with a ball made of silicon nitride having a diameter of 5 mm, and a planetary 

ball mill device was used to perform mechanical milling thereof in a highly purified argon 
gas at a rotation number of 500 rpm. A time of milling was varied from 1 to 20 hours 
to prepare various samples. After the milling, samples were collected in a glove box 
filled with a highly pure argon gas. Particle sizes of the samples after milling were 

10 examined by an SEM or TEM observation, and an average particle diameter (crystallite 
size) of each sample was obtained with a Scherrer formula from a half- width of a (002) 
diffraction line of an X-ray diffraction pattern of graphite. In the glove box, each 
sample was used to fill an Mo capsule and was sealed. The sample was then subjected 
to processing in various conditions of pressure and temperature for 30 minutes using a 

15 belt-type ultra-high pressure generation device. A generated phase of the sample 
obtained was identified by X-ray diffraction, and particle diameters of constituent 
particles were examined by the TEM observation. As to a sample which was firmly 
sintered, a surface thereof was polished to a mirror-smooth state and a hardness of the 
polished surface was measured with a micro-Knoop hardness tester. Results of this 

20 experiment are shown in Table 1 . It becomes apparent from these results that, when 
fine particles of boron-containing graphite milled to have a maximum particle diameter 
of at most 100 nm or an average particle diameter of at most 50 nm are used as the 
starting material, conversion into diamond and sintering can be performed in a relatively 
mild high pressure and temperature condition, and a resulting polycrystalline body has a 

25 hardness equivalent to or higher than that of a diamond single crystal (85-1 10 GPa), 

which is substantially higher than a hardness of a conventional sintered body with a Co 
binder (60-80 GPa). In addition, a polycrystalline body including at least 10 ppm of 
added boron had conductivity, and an electric conductivity thereof was at most 10 Qcm, 
which was a level capable of electrical discharge machining. 
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Various amorphous carbon, graphite and CVD-synthesized diamond powder 
each including boron in a solid solution were used as starting materials. Each starting 
material was used to fill the Mo capsule and was sealed, which was then subjected to 
processing in various conditions of pressure and temperature for 30 minutes using the 
belt-type ultra-high pressure generation device. A generated phase of the sample 
obtained was identified by X-ray diffraction, and particle diameters of constituent 
particles were examined by the TEM observation. In addition, a surface of the sample 
was polished to a mirror-smooth state and a hardness of the polished surface was 
measured with the micro-Knoop hardness tester. Results of this experiment are shown 
in Table 2. Samples obtained were polycrystalline bodies formed with diamond. It 
becomes apparent that conversion into diamond and sintering can be performed in a 
relatively mild high pressure and temperature condition, and a resulting polycrystalline 
body has a hardness equivalent to or higher than that of a diamond single crystal (85- 
1 10 GPa), which is substantially higher than a hardness of the conventional sintered 
body with a Co binder (60-80 GPa). In addition, each polycrystalline body had 
conductivity, and an electric conductivity thereof was at most 1 Qcm, which was a level 
capable of electrical discharge machining. Furthermore, an oxidation property of each 
polycrystalline body estimated in air was at least 10 times that of a diamond 
polycrystalline body not including boron. 
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Industrial Applicability 

As described above, a polycrystalline body of the present invention has very 
good mechanical characteristics and thermal stability, can be processed at a low cost 
because of a conductivity thereof which is capable of electrical discharge machining, and 
is useful for an industrial use such as a cutting tool, a tool such as a dresser or a die, or a 
drill bit. 



- 15 - 



